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The connection between polymer chain orientation and se®eral macroscopic proper-
ties in a polymer melt was studied using mechanical and optical techniques. Anisotropic
thermal conducti®ity following shear deformation was measured using forced Rayleigh
light scattering, the refracti®e index tensor is followed using birefringence measurements,
and the stress was measured mechanically in a parallel-plate rheometer. The thermal
diffusi®ity measured in the flow and neutral directions increased and decreased, respec-
ti®ely, immediately following the deformation. These quantities then relaxed to the equi-
librium ®alue on the time-scale of the stress-relaxation memory. Comparison of the
difference between measured flow and neutral direction thermal diffusi®ities with the
analogous flow-induced birefringence in the same deformation pro®ided indirect e®i-
dence for a linear relation between stress and thermal diffusi®ity at two different ®alues
of strain. Mechanical measurements were used to characterize the memory of the fluid.

Introduction
Recent theoretical work has postulated the existence of

anisotropic thermal conduction in polymeric liquids undergo-
ing deformation. Most work has focused on dilute polymer

¨Žsolutions Bird et al., 1997; Curtiss and Bird, 1996; Ottinger
.and Petrillo, 1996 . However, the earliest work was applied

by van den Brule to a polymer melt using a network theory
Ž .van den Brule, 1989; van den Brule and O’Brien, 1990 .
¨ Ž .Ottinger 1998 also used a recently developed nonequilib-
rium thermodynamics formalism that includes relativistic ef-
fects to show that the thermal conductivity of a general vis-
cous fluid undergoing shear can be anisotropic, with a
quadratic dependence on shear rate.

These studies consider a generalization to Fourier’s Law
for which the thermal conductivity is described by a tensor,
instead of a scalar

qsy k ?=T , 1Ž .

where q is the heat flux vector, T is temperature, and k is
the thermal conductivity tensor. The anisotropy in k is caused
by chain orientation induced by flow. Since the chain orienta-
tion is a function of the history of the imposed deformation,
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Ž .the thermal conductivity tensor may be time dependent k t
for a prescribed flow history.

Ž .These works consider a shear flow whereby ® sg t x ,˙1 2
Ž .and ® s ® s0. It is well known Bird et al., 1987 that such2 3

a shear flow induces anisotropy in the stress field for poly-
meric liquids

t t 0x x y x

t t 0t s , 2Ž .x y y y

0 0 tz z

where t is the extra stress tensor. It is also well established
for polymer melts that an analogous anisotropy is induced in
the refractive index tensor n. More importantly, for flow fields
that are not too strong, there exists a linear relationship be-

Ž .tween these two tensors Fuller, 1995; Janeschitz-Kriegl, 1983

1
ny d tr n sCt , 3Ž . Ž .

3

called the stress-optic rule and C is called the stress-optic coef-
ficient. Existence of an analogous relationship between stress
t and thermal conductivity k, or refractive index n and ther-
mal conductivity, has not yet been tested.
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Experimental studies of heat conduction in cross-linked
polymers have already revealed an anisotropic thermal con-

Žductivity under elongational stretch Broerman et al., 1999;
.Tautz, 1959 , however. These studies have revealed that ther-

mal conductivity is enhanced along the direction of chain ori-
entation.

On the other hand, measurements of thermal conductivity
Ž .or diffusivity in flowing polymer liquids are somewhat scarce,
and data that have been published are somewhat ambiguous.

Ž .For example, in a sample of polydimethylsiloxane PDMS ,
the thermal conductivity in the shear direction was shown to

Žexhibit a maximum as a function of shear rate Chitrangrad
.and Picot, 1981 . A polyethylene sample, however, was seen

Žto go through a minimum with shear rate in one study Wal-
. Žlace et al., 1985 , and a maximum in another Picot et al.,

.1982 . The reasons for the discrepancy are not clear, but may
have to do with the relative invasiveness of the procedure.

In this article we present quantitative results, obtained us-
ing a noninvasive optical technique, demonstrating deforma-
tion-induced anisotropic conduction in a polymer melt and
its subsequent relaxation. In particular, we examine the evi-
dence for a stress-thermal rule.

Forced Rayleigh Light Scattering Technique
Ž .We have used forced Rayleigh light scattering FRLS

Ž .Eichler et al., 1986 to measure thermal diffusivity in a poly-
isobutylene melt following a step shearing strain. The FRLS
method has been used previously to study diffusive transport

Ž .in a wide range of systems Eichler et al., 1986 including
measurements of thermal diffusion in polymer solutions
Ž .Kohler et al., 1995 and anisotropic thermal diffusivity in ne-¨

Žmatic liquid crystals Rondelez et al., 1978; Veletskas et al.,
.1982 . Details of our FRLS optical setup and the procedures

used to measure thermal diffusivity in quiescent polymer liq-
Ž .uids are given elsewhere Venerus et al., 1999 . The setup is

shown in Figure 1.
Stated briefly, the technique uses crossed beams of a writ-

Ž q.ing laser Ar to induce a fringe pattern with period L in
the sample, which contains dye that absorbs the impinging
light. By rapid radiationless decay, the dye then creates a si-
nusoidal temperature field with modulation amplitude d T.
As a consequence of the temperature dependence of the re-

Ž .fractive index, the temperature field creates an optical phase
grating in the sample.

Because the grating period L is much smaller than the
spot size of the writing laser, the dynamics of the grating

Ž . Ž .temperature field d T sT x, t yT t can be decoupledbulk
from the bulk temperature T in the sample. Furthermore,bulk
since the experiment satisfies conditions for the plane grating

Ž .approximation Eichler et al., 1986; Rondelez et al., 1978 ,
d T is governed by

­ ­ 2

ˆrC d T s k d T q KI t cos 2p x rL 4Ž . Ž .Ž .p ii i2­ t ­ xi

ˆwhere r is the polymer density, C is the specific, constant-p
pressure heat capacity, k is the ii-component of the thermalii
conductivity tensor, K is the absorptivity of the sample at

Ž . Ž .the writing laser wavelength 515 nm , and I t is the time-
dependent intensity of the writing laser.

Figure 1. FRLS setup used in the study.
Component abbreviations: ArqsArgon ion writing laser;
HeNes Helium-Neon reading laser; lr2 s half-wave plate;
P1, P2s Glan prisms; PC s Pockels Cell used to chop the
writing beam; M1]M6 s mirrors; CL1]CL3s convex lenses
for focusing; PH1, PH2s pinholes to remove scattered light;
BSs beamsplitter; LF s line filter that allows only HeNe to
pass; PDs photodetector.

By reorienting the grating in the sample, different compo-
nents of the thermal conductivity tensor can be probed.

Ž .Equation 4 applies only when studying the flow is1 and
Ž .neutral is3 directions, and contains no flow effects, since

the temperature grating is created and decays only after the
step strain is imposed. In Eq. 4 it is also assumed that the
temperature dependence of k can be neglected, which isii
justified since d T is typically of the order 0.018C.

Ž .The writing laser is pulsed using a Pockels cell PC com-
Ž .bined with Glan prisms P1 and P2 , which allow the laser to

be switched on and off rapidly. Following a pulse from the
writing laser, the grating temperature decays according to

d T Aexpytrt g , 5Ž .

where the grating relaxation time is given by

L2

t s , 6Ž .g 24p Dii

ˆand where D s kiirrC is the thermal diffusivity in the i-di-ii p
rection. In arriving at Eq. 5, it has been assumed that the
thermal diffusivity is constant during the time-scale of the
grating decay t , which is typically of the order one ms. Thisg
assumption is plausible, because D is expected to change onii

Ž .the time-scale of polymer chain relaxation f45 s , which is
several orders of magnitude larger than t .g

These assumptions are confirmed a posteriori, during data
analysis.

Dynamics of the grating were probed by a low-power read-
Ž .ing laser HeNe, 633 nm . When introduced at the Bragg an-

gle, this beam is diffracted by the thermal grating with a
Ž .2diffraction efficiency proportional to d T . A photodetector
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Figure 2. Storage and loss moduli measured using a
( )Rheometrics RMS-800 rheometer for the

poly-isobutylene sample used in this study.

Ž .PD detects the first-order diffracted beam, which decays ac-
cording to Eq. 5, along with coherently and incoherently scat-
tered light producing a voltage that decays according to

V t s A exp y2 trt q B exp y trt qC 7Ž . Ž .Ž . Ž .g g

where A, B, and C are constants. Using an oscilloscope as a
fast analog-to-digital converter, the signal is stored on a per-
sonal computer for analysis. The constant C is measured at
long times following the pulse, whereas A, B and t were fitg
to the data by a Levenburg-Marquardt method described

Ž .elsewhere Press et al., 1992; Venerus et al., 1999 . Several
checks were performed on the curve-fitting procedure as
shown below.

Materials and Procedure
The poly-isobutylene sample had broad molecular weight

distribution and a weight-average molecular weight of ap-
proximately 85,000. Small-amplitude oscillatory shear mea-
surements were conducted at 258C using torsional flow geom-

Ž .etry in a Rheometrics Mechanical Spectrometer RMS-800 .
These data are shown in Figure 2, and indicate that the vis-
cosity is 7.3=106 poise. The average relaxation time, as de-
termined from a weighted average of the time constants found
from a fit of discrete relaxation spectrum, is approximately
45 s.

A dye known as quinizarin, which absorbs light at a wave-
length of 515 nm and is nearly transparent at 633 nm, was
uniformly dispersed within the polymer. The concentration of
the dye and pulse time of the writing laser were chosen such
that the bulk temperature rise in the sample was less than
0.18C. The writing laser was pulsed at a frequency of 20 Hz,
meaning that 20 independent measurements of thermal diffu-
sivity were taken every second. The equilibrium value of ther-
mal diffusivity for this material measured using FRLS in the
quiescent state was previously found to be D s6.56=10y4

eq
2 Žcm rs with an uncertainty of roughly one percent Venerus et

.al., 1999 .

Step strain deformations were imposed on the polymer in a
parallel-plate device. One plate was stationary, while the
other was driven by several stiff springs, and released by in-
terrupting current to an electromagnet that holds the mobile
plate in a cocked position. Each plate had a glass window
that formed an optical path through the sample after the step
strain had been imposed. Shear strains equal to four and eight
were used. The step strain is imposed in less than 75 ms, as
determined from a simple optical experiment. From a shear-

Ž .wave propagation analysis Bird et al., 1987 , we estimate the
time required to reach vanishing fluid velocity to be on the
order of one ms. Also, all experiments were conducted at
room temperature, which was 25"0.58C.

Birefringence experiments were performed using a simple
optical arrangement in which the sample was positioned be-

Ž .tween crossed polarized Janeschitz-Kriegl, 1983 . The rela-
tive intensity IrI from such an arrangement is measured0

I d
2ssin , 8Ž .ž /I 20

from which the retardance d can be found, where

p dDn13
d s . 9Ž .

l

Here, d is the thickness of the sample, l is the wavelength of
the laser impinging on the sample, and Dn s n y n is13 11 33
the sought-after birefringence. By following the intensity
transmitted as a function of time, the relaxation in the bire-
fringence may be found.

Experimental Results and Conclusions
A sample waveform at a time of 150 ms following the step

strain is shown in Figure 3, which plots the voltage from the
photodetector both during and following the pulse of the
writing laser. Only the voltage following the pulse is fit by Eq.

Figure 3. Photodetector voltage vs. time following a
step strain of eight.
The origin of the time axis is 150 ms after the imposition of

Žthe strain. The symbols are the data and the solid line de-
.cay only is the fit of Eq. 7 giving a decay time t s 0.644 ms.g
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( )Figure 4. Histogram of the residuals V t IV of thefit
waveform shown in Figure 3.
The solid line is a Gaussian distribution with the same mean
and variance as the residuals.

7. The solid line is a fit of this equation. However, it is mostly
obscured by the data.

Ž .Figure 4 is a histogram of the residuals V t yV . Figure 5fit
w Ž . x Ž .shows the fractional residuals V t yV rV t as a functionfit

of time. The Gaussian distribution of the residuals, and the
absence of a pattern in time confirm the validity of Eq. 7;
they also verify our nonlinear curve-fitting procedure, and the
assumption of constant thermal diffusivity during the decay
of a grating.

Several voltage waveforms collected during the imposition
of the deformation were analyzed but not used in this study.
These waveforms, although similar in appearance to the one
shown in Figure 3, could not be fit by the expression given in
Eq. 7. This observation is not surprising since one would ex-
pect flow to smear the grating resulting in a larger grating
decay rate than in the absence of flow. Bulk flow effects, if
not properly accounted for, would cause an artifactual de-

Figure 5. Fractional residuals of the waveform shown in
Figure 3 as a function of time minus the pulse
width t .p

Figure 6. Dependence of grating relaxation time t ong
grating period L according to Eq. 6 for two
values of time following a step strain of eight
with the grating in the flow direction.

Ž .Solid lines through circles ` correspond to a time of 0.15
Ž .s and through the squares I correspond to a time of 1.5 s.

The dashed line represents the result for a quiescent liquid
found from an earlier study. Slopes of the lines give thermal
diffusivity D .11

crease in t and increase D . The generalization of Eq. 4 tog ii
include the effects of flow is not trivial, but would seem nec-
essary unless the grating relaxation t is much smaller thang
the grating period L divided by the magnitude of the veloc-
ity. It appears that flow effects have not been properly taken
into account in a previous study in which FRLS was used to
measure thermal diffusivity in the constant-rate flow of a

Ž .polymer melt through a slit Miyamoto and Nagashima, 1996 .
Validation of Eq. 4 can be confirmed by checking the de-

pendent of the grating relaxation time with the grating pe-
riod. According to Eq. 6, a plot of 1rt vs. 4p 2rL2 should beg
linear with a slope equal to the thermal diffusivity D . If Dii ii

Žis a function of time but constant during the decay of a grat-
.ing following the step strain, then isochronal values of tg

over a range of L must be used to make this check.
Figure 6 shows such a plot for several times following the

imposition of a strain of 8 with the grating oriented in the
flow direction. Each data point represents a result from a

Ž .single waveform of the kind shown in Figure 3 at a given
time following the imposition of the strain. Each solid line

Žwas fit to points corresponding to a given time but varying
.L following the step strain. The good correlation of the data

points with the straight lines is consistent with the use of Eq.
4, and confirms the validity of Fourier’s Law generalized to
allow anisotropy. The slopes of the solid lines correspond to
thermal diffusivity measured in the flow direction D , at dif-11
ferent times. From Figure 6, it also appears that D ap-11

Žproaches the equilibrium value D indicated by the dashedeq
.line with increasing time.

ŽValues of thermal diffusivity in the flow direction D ob-11
.tained as shown in Figure 6 and the neutral direction D33

Ž .obtained in the same manner are shown in Figure 7 as func-
tions of time following the imposition of the step strain for
two different values of strain g s4 and 8. In the flow direc-
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(Figure 7. Thermal diffusivity in flow D ` strain of11
) (eight, ^ strain of four and neutral D filled33

)symbols directions vs. time following the im-
position of a step shear strain of eight.
Error bars for D and D are estimated from the uncer-11 33
tainty in determining slopes of 1rt vs. 4p 2rL2, as shown ing
Figure 6. The dashed line represents the equilibrium ther-
mal diffusivity measured for a quiescent liquid.

tion, the thermal diffusivity at the largest strain is increased
above the equilibrium value by approximately 20% immedi-
ately following the step strain. A decrease of approximately
five percent is observed in thermal diffusivity measured in
the neutral direction. In both cases, the thermal diffusivity

Žappears to be relaxing back to its equilibrium value D indi-eq
.cated by dashed line . These results confirm the existence of

anisotropic thermal diffusi®ity in polymer melts induced by defor-
mation.

The observation that thermal conductivity, and, hence,
thermal diffusivity, is increased in the flow direction suggests
that conduction along polymer chain segments is facilitated
compared to conduction between different chain segments,

Figure 8. Normalized intensity as a function of time for
the birefringence experiment at a strain of
eight.
Also shown is the birefringence calculated from the inten-

Ž .sity see Figure 9 for details .

Ž Ž .consistent with earlier hypotheses see van den Brule 1989 ;
Ž . .van den Brule and O’Brien 1990 , and references therein .

The results in Figure 7 also suggest that the orientation of
chain segments is reduced in the neutral direction following
the deformation. Relaxation of the chain segment orientation
to an isotropic state would, of course, correspond to the re-
laxation of the thermal diffusivity to its equilibrium value.

In order to examine the connection between flow-induced
chain-segment orientation and anisotropic thermal diffusiv-
ity, we also measured the flow-induced birefringence of the
polymer melt following the imposition of a step shear strain.
It is generally accepted that the refractive index tensor n is
proportional to the second moment of the chain segment ori-

Ž .entation vector Q Fuller, 1995; p. 115

222pn n q1 a y aŽ . 1 2 ² :ns QQ , 10Ž .215 n N aK K

where n is the number density of induced dipole moments in
the chain, N is the number of Kuhn steps in the chain seg-K
ment, a is the length of a Kuhn step, n is the average re-K
fractive index for the segment, a is the polarizability along1
the chain, and a is perpendicular to the chain. This expres-2
sion is valid if the chains are not stretched too greatly by the
flow.

Therefore, non-zero birefringence indicates an anisotropic
Ž .orientation of chain segments Janeschitz-Kriegl, 1983 . The

normalized transmitted intensity is shown in Figure 8 as a
function of time, and indicates that the retardance d goes
through multiple orders. Using Eqs. 8 and 9 and the data in
Figure 8, we plot the relaxation of the birefringence Dn13
following the step strain in Figure 9. The birefringence ap-
pears to relax on a time-scale comparable to the relaxation of
D and D .11 33

In Figure 10, we plot the thermal diffusivity difference D11
y D normalized by D vs. the birefringence Dn such that33 eq 13
time following the step strain becomes a parameter. Within
experimental uncertainty, D y D is proportional to Dn11 33 13

Figure 9. Decay in birefringence D n as a convolution13
of the raw data such as shown in Figure 8,
using Eqs. 8 and 9. Symbols defined in Figure
7.

March 2000 Vol. 46, No. 3 AIChE Journal614



Figure 10. Normalized difference in the thermal diffu-
sivity vs. normalized birefringence for a step
shear strains of four and eight.

Ž .The solid line through the data ` and ^ as in Figure 7
suggests a proportionality between these quantities. Verti-
cal and horizontal error bars were determined as de-
scribed in caption to Figure 7. The dashed line is the best
estimate for the optic-thermal coefficient C rC.t

supporting the claim that flow-induced orientation of poly-
mer chain segments is responsible for anisotropy in both op-
tical and thermal transport properties. In addition, the linear
relation suggests that the thermal diffusivity also depends
upon the second moment of the chain segment orientations.
The data shown in Figure 10 when considered in conjunction

Ž . Žwith the well-established stress-optic rule Eq. 3 Janeschitz-
.Kriegl, 1983 , which says the refractive index and stress

tensors are proportional, support the validity of a stress-ther-
mal law written as

1 1
Dy d trD sC t , 11Ž .tž /D 3eq

where C is the stress-thermal coefficient.t
The stress difference needed to evaluate Eq. 11 is N st3 11

yt . However, the mechanical measurement of transient33
normal stresses in undiluted polymer melts is difficult be-

Žcause of transducer compliance effects Hansen and Nazem,
. Ž1975 . On the other hand, using a typical value Janeschitz-

. y10Kriegl, 1983 for the stress-optic coefficient of 2=10
dyney1, we estimate a value for the stress-thermal coefficient
C f10y6 cm2rs for the system under consideration. Theoret-t
ical developments for flowing polymer systems based on net-

Ž .work theories for polymer melts van den Brule, 1989 sug-
gest that the expression in Eq. 11 is valid. The experimental
results reported here support the existence of a stress-thermal law.

In future work, we shall attempt to determine the D and12
D components of the thermal diffusivity tensor following22
step strain deformations. These measurements should be
possible with the FRLS technique by choosing appropriate
orientations of the grating with respect to the flow. The
existence of a stress-thermal law would be of great use in
nonisothermal, non-Newtonian fluid mechanics calculations.
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